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Striatal astrocytes produce neuroblasts in an excitotoxic model of Huntington’s disease
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Taylor3 , Annalisa Buffo2,4 , Paolo Peretto1,2, *,‡  and Federico Luzzati1,2, *,‡
ABSTRACT
In the adult brain, subsets of astrocytic cells residing in well-defined neurogenic niches constitutive-
ly generate neurons throughout life. Brain lesions can stimulate neurogenesis in otherwise non-neu-
rogenic regions, but whether local astrocytic cells generate neurons in these conditions is unresol-
ved. Here, through genetic and viral lineage tracing in mice, we demonstrate that striatal astrocytes 
become neurogenic following an acute excitotoxic lesion. Similar to astrocytes of adult germinal ni-
ches, these activated parenchymal progenitors express nestin and generate neurons through the for-
mation of transit amplifying progenitors. These results shed new light on the neurogenic potential of
the adult brain parenchyma.
KEY WORDS: Neural stem cells, Parenchymal progenitors, Stem cell quiescence, Lesion-induced 
neurogenesis,Huntington’s disease, Mouse.
INTRODUCTION
In adult neurogenic niches, astrocytic cells produce neurons throughout life (Fuentealba et al., 
2012). Parenchymal astrocytes can become neurogenic in vitro when isolated from the lesioned 
neocortex (Buffo et al., 2008; Sirko et al., 2013) or in vivo after overexpression of specific trans-
cription factors (Niu et al., 2013). However, whether parenchymal astrocytes can spontaneously ge-
nerate neurons in vivo is unclear (Dimou and Götz, 2014). The adult brain parenchyma has been ge-
nerally considered gliogenic and not permissive for the activity of neuronal progenitors (Lim et al., 
2000; Ninkovic and Götz, 2013; Shihabuddin et al., 2000). Nonetheless, examples of parenchymal 
neurogenesis are emerging (Bi et al., 2011; Luzzati et al., 2006, 2011b; Ohira et al., 2010). For in-
stance, we previously demonstrated that clusters of proliferating cells with features of transient am-
plifying progenitors (TAPs) produce neurons in the striatum of rabbits (Luzzati et al., 2006) and in a
mouse model of striatal degeneration (Luzzati et al., 2011b).
Here, we analysed striatal neurogenesis in the quinolinic acid (QA) lesion mouse model of Hunting-
ton’s disease (Fan and Raymond, 2007). We show that such a lesion activates striatal astrocytes to 
produce neurons.
RESULTS AND DISCUSSION
At 5 weeks post-QA lesion (w.p.l.), numerous DCX+ neuroblasts were present in the striatum and 
organised into clusters or as individual cells (Fig. 1A-E). As in other models of striatal neurogenesis
(Liu et al., 2009; Luzzati et al., 2011b), these neuroblasts expressed SP8, a transcription factor typi-
cal of lateral/caudal ganglionic eminence-derived interneurons (Ma et al., 2012; Waclawet al., 
2006), and some of them expressed NeuN (RBFOX3–Mouse Genome Informatics; data not shown) 
and attained complex morphologies (supplementary material Fig. S1). The clusters of DCX+ cell-
swere closely associated to clusters of cells expressing the proliferation marker Ki67 (MKI67 – 
Mouse Genome Informatics), with numerous cells colabelled for DCX (Fig. 1B,C,E).
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Based on clustering and the differential expression of Ki67 and DCX we could define four striatal 
cell types that were induced by QA: clustered Ki67+/DCX− cells (cK), clustered Ki67+/DCX+ cells 
(cKD), clustered DCX+/Ki67− cells (cD) and individual DCX+/Ki67− cells (iD) (Fig. 1C-F). The cK,
cKD and cD cells appeared between 2 and 3 w.p.l. (2 versus 3 w.p.l., Tukey’s post-hoc test: cK, 
P=0.010; cKD, P=0.005; cD, P=0.021; Fig. 1F) and, although their number remained constant after 
3 weeks (ANOVA: cK, F2,7=2.464, P=0.155; cKD, F2,7=0.383, P=0.695; cD, F2,7=0.419, P=0.673), 
at all time points a high proportion incorporated BrdU when injected 4 days before sacrifice (sup-
plementary material Fig. S2A,D). This indicates that cK, cKD and cD cells have a high turnover 
rate. By contrast, iD cells showed a delayed increase that peaked at 4 w.p.l. (Tukey’s post-hoc test: 
2 versus 3 weeks, P=0.226; 3 versus 4 weeks, P=0.001; Fig. 1F) accompanied by a reduction in the 
fraction of BrdU+ cells over time (Tukey’s post-hoc test: 3 versus 4 weeks, P=0.031; supplementary 
material Fig. S2C,D). Thus, this latter population appears later and has a lower turnover rate.
Interestingly, most cK cells expressed the TAP markers ASCL1 (Parras et al., 2004) and SOX9 
(Cheng et al., 2009) (Fig. 1G-I; data not shown). Collectively, these data suggest that, as proposed 
in other models of striatal neurogenesis (Luzzati et al., 2006, 2011b), QA stimulates the appearance 
of TAP-like progenitors (cK cells) that give rise to neuroblasts that initially cluster (cKD,cDcells) 
and subsequently disperse as individual cells (iD cells). At 6 months after QA, striatal TAPs and 
neuroblasts were still present and could incorporate BrdU (supplementary material Fig. S3), sugge-
sting that QA results in the long-term establishment of an intrastriatal neurogenic niche.
The induction of neurogenic potential in resident parenchymal cells was further supported by the 
appearance of self-renewing multipotent neurospherogenic cells in the striatum at 5 w.p.l. (supple-
mentary material Fig. S4; data not shown). Interestingly, clusters of cK, cKD and cD cells were ge-
nerally closely associated to GFAP+ astrocytes, which were occasionally proliferating, as assessed 
through both Ki67 and BrdU (supplementary material Fig. S5). Using hGFAP-GFP mice (Platel et 
al., 2009; Zhuo et al., 1997) we could establish that GFP+/Ki67+ proliferating astrocytes represented 
8±3% of all cK cells at 5 w.p.l. (Fig. 1I-L). These observations support the contention that cK cells 
and their progeny  originate from striatal astrocytes.
To explore this possibility further, we first performed cell fatemapping analysis using transgenic 
mice expressing the tamoxifeninducible recombinase CreERT2 under the control of diverse cell 
type-specific promoters, namely Glast (Slc1a3 – Mouse Genome Informatics), nestin (Nes) and Ng2
(Cspg4 – Mouse Genome Informatics). GLAST is a pan-astrocytic marker (Dimou and Götz, 2014),
whereas nestin more specifically associates with active neurogenic astrocytes (Codega et al., 2014) 
and some oligodendrocyte progenitors (Boda et al., 2015), while NG2 is specifically expressed by 
oligodendrocyte progenitors (Zhu et al., 2011). Accordingly, in intact animals 1 week after tamoxi-
fen, recombined YFP+ cells represented 44±3% of all S100b+ striatal astrocytes in GLAST-CreERT2 
mice and 10±6% in Nestin-CreERT2 animals. In the NG2-CreERT2 line, astrocytes were not targeted 
(supplementary material Fig. S6).
To determine whether cells expressing these genes are the source of intrastriatal TAPs and neuro-
blasts after lesion, tamoxifen was administered 1 week before QA (bQA). In addition, for each ge-
notype a second group of animals was treated with tamoxifen at 4 w.p.l. (aQA) to identify possible 
injury-related changes in the phenotype of the neurogenic progenitors after their activation. In all 
cases animals were analysed at 5 w.p.l. (Fig. 2A). In NG2-CreERT2  animals, we never observed 
DCX+ neuroblasts expressing the reporter YFP, either in the striatum or in the subventricular zo-
neolfactory bulb (SVZ-OB) system (data not shown), indicating that NG2+ cells are not neurogenic 
in our model. By contrast, in the SVZ of GLAST-CreERT2 and Nestin-CreERT2 animals, YFP+ cells 
included putative TAPs (Ki67+/DCX−), proliferating (DCX+/Ki67+) and postmitotic (DCX+/Ki67−) 
neuroblasts (Fig. 2A-C). The percentage of YFP+ cells did not differ between strains (supplementa-
ry material Table S1), indicating similar efficiency of nestin- or GLAST-driven recombination in 
SVZ neurogenic astrocytes.
Fig. 1. Ki67+ and DCX+ cells in the 5 w.p.l. striatum. (A) Coronal section showing striatal Ki67+ (red) and DCX+ 
(white) cells densely packed at the lesion border (yellow dashed line). (B-C″) z-projection (B-B″) and single confocal 
plane (C-C″) of a Ki67+ cluster partially overlapping with a DCX+ cluster. (D) iD cells. (E) Each square represents the 
number of individual (bottom right) or clustered (top left) DCX+ (grey) and Ki67+ (red) cells in the striatum at 5 w.p.l. 
The overlap of these populations is in dark red. (F) Number of cK, cKD, cD and iD cells in the striatum at 1, 2, 3, 4 and 
5 w.p.l. A schematic view of the cell types is shown in the inset. (G-H‴) z-projection (G), reslice (asterisk in G marks 
plane of section beneath) and single confocal plane (H-H‴) of a Ki67+ (violet) and DCX+ (orange) cluster immunolabel-
led for ASCL1 (green). (I) Percentage of cK, cKD, cD and iD cells expressing GFAP-GFP, ASCL1 and SOX9. (J-L‴) z-
projection (J-J‴), reslice (K-K‴, at yellow dashed line in J) and single confocal plane (L-L‴) of a Ki67+ (violet) and 
DCX+ (orange) cluster showing cK cells labelled for GFAP-GFP (green). Error bars indicate s.d. Scale bars: 200 μm in 
A; 10 μm in B-C″,G-H‴; 20 μm in D 10 μl in J-L‴.
In the striatum of GLAST-CreERT2 bQA and aQA animals, YFP was expressed by cK, cKD, cD and
iD cells, indicating that these cells originate from astrocytes that express GLAST both before and 
after the QA lesion (Fig. 2A,D,E; supplementary material Fig. S7A,B). YFP+ postmitotic neuro-
blasts (cD and iD) were less numerous in the striatum of GLAST-CreERT2 aQA animals, but 
increased to levels comparable to those of YFP+ proliferative cells (cK and cKD) in the GLAST-
CreERT2 bQA animals (Fig. 2A; supplementary material Table S1A), further supporting that cK and 
cKD cells are early stages of the striatal neurogenic lineage. Three-dimensional reconstructions in 
GLAST-CreERT2 bQA animals indicated that the morphology of the GFP+ iD cells was comparable 
to that of their GFP− counterparts (supplementary material Fig. S8). Thus, GLAST+ astrocytes are 
the source of QA-induced intrastriatal TAPs and neuroblasts.
Fig. 2. Genetic lineage tracing. (A) Fraction of SVZ and striatal (STR) putative TAP cells (Ki67+; K, cK), proliferating
(Ki67+/DCX+; KD, cKD) and post-mitotic (DCX+; D, cD, iD) neuroblasts that expressed YFP in 5 w.p.l. GLAST-
CreERT2 (top row) and Nestin-CreERT2 (bottom row) animals that received TAM before (bQA, left column) or after 
(aQA, right column) lesion. Error bars indicate s.d. (B-C′) Single confocal plane of the SVZ of a Nestin-CreERT2 bQA 
(B) and aQA (C) labelled for Ki67 (violet), DCX (orange) and GFP (green). (D-G″) z-projections (D,F) and single con-
focal planes (E,G) of recombined Ki67+/DCX+ clusters. Scale bars: 10 μm.
In Nestin-CreERT2 bQA mice, YFP+ cells corresponding to the striatal cell types (cK, cKD, cD and 
iD) were very rare (Fig. 2A). However, in Nestin-CreERT2 aQA animals, the levels of genetic label-
ling of cK and cKD cells were greatly increased and reached similar levels to those seen in GLAST-
CreERT2 aQA animals (Fig. 2A,F,G; supplementary material Table S1C). Interestingly, although ne-
stin was mostly absent from striatal astrocytes under normal conditions, several YFP+ cells with 
astrocytic morphology appeared in Nestin-CreERT2 aQA animals (supplementary material Fig. 
S7C,D). These findings suggest that the resident GLAST+ striatal astrocytes upregulate the expres-
sion of nestin after lesion and generate cK, cKD, cD and iD cells.
To directly confirm both the striatal origin of the neurogenic progenitors and their astrocytic identi-
ty, we performed intrastriatal injections of either a GFP-tagged lentiviral vector (VSVG-GFP; n=3) 
or an adenoviral vector carrying Cre recombinase under the control of the mouse Gfap promoter 
(Ad:GFAP-Cre; n=3; Merkle et al., 2007) 1 week before QA lesion. Whereas VSVG-GFP showed 
broad cellular tropism (data not shown), injection of Ad: GFAP-Cre into the striatum of R26R re-
porter mice resulted in the expression of YFP almost exclusively in astrocytes (supplementary mate-
rial Fig. S9). Only animals with no YFP staining in the SVZOB system were analysed. In both ca-
ses, at 5 w.p.l. serial section 3D reconstructions of the whole striatum revealed multiple examples of
YFP+ or GFP+ cK, cKD, cD and iD cells (Figs 3 and 4). The morphology of these latter cells was 
consistent with that of GFP– iD cells (Fig. 4B-E). These data indicate that 
Fig. 3. Viral lineage tracing. (A) 3D reconstruction of SVZ (grey), striatum (transparent grey) and GFP staining 
(green) of a 5 w.p.l. animal injected with VSVG-GFP 1 week before QA. (B,B′) Coronal section at the level of the in-
jection site labelled for DCX (orange), Ki67 (white) and GFP (green). (C-D‴) z-projection (C), reslice (asterisk, at black
dotted line) and single confocal plane (D-D‴) of a cluster (box in B) made by cK, cKD and cD cells reconstructed from 
two successive 50 μm serial sections. (E) z-projection and reslices (asterisk and asterisk with prime) of GFP+ iD cells. 
Scale bars: 200 μm in B,B′; 10 μm in C-E.
striatal astrocytes generate TAPs and neuroblasts after lesion.
Notably, in both our genetic and viral fate-mapping analyses about 85% of the striatal Ki67+ clusters
exhibiting reporter expression were entirely composed of cells expressing YFP or GFP (Fig. 2D-G, 
Fig. 3C,D and Fig. 4F,G; see Materials and Methods for details), indicating that proliferative clu-
sters originate mostly from the clonal expansion of a single striatal astrocytic progenitor.
SVZ progenitors have been shown to generate neuroblasts for the lesioned striatum (Liu et al., 
2009). To examine whether these progenitors can further contribute to the intrastriatal TAPs, we in-
jected Ad:GFAP-Cre or a TAT-Cre to respectively target the dorsolateral and the periventricularSV-
Zof R26R mice 1week before QA. In the striatum of these animals at 5 w.p.l. we observed only a 
few iD cells expressing YFP (supplementary material Fig. S10), suggesting that striatal TAPs origi-
nate only from local astrocytes.
Taken together, these results indicate that some striatal astrocytes are quiescent neuronal progenitors
that become activated after QA lesion. Like neurogenic astrocytes of other neurogenic niches, these 
cells upregulate nestin in their active state (Codega et al., 2014) and produce neurons through 
ASCL1+ and SOX9+ TAPs (Dimou and Götz, 2014; Fuentealba et al., 2012). However, striatal pro-
genitors and/or their microenvironment may possess unique features that enable them to produce 
neurons in the brain parenchyma. Unravelling these features might help to unleash the full neuroge-
nic potential of the adult brain, a fundamental prerequisite in order to design cell replacement thera-
pies for brain repair. Interestingly, while this study was under revision the activation of neurogenic 
potential in striatal astrocytes was also demonstrated in a model of stroke (Magnusson et al., 2014) 
and under physiological conditions during guinea pig development (Luzzati et al., 2014). Thus, in 
contrast to SVZ and dentate gyrus neuronal progenitors, which are constitutively active, other popu-
lations of neurogenic astrocytes are activated only under specific conditions. The fate potential of 
these progenitors remains an important issue. Most neuroblasts generated in both the normal and le-
sioned striatum have a short life-span, but attain complex and specific morphologies (Luzzati et al., 
2011a,b, 2014). These transient neurons might sustain a new type of adult brain plasticity that meri-
ts further exploration.
MATERIALS AND METHODS
Animals
All animal experiments were approved by the Italian Ministry of Health and the Bioethical Commit-
tee of the University of Turin. Experiments were performed on 8- to 12-week animals. C57BL/6 le-
sioned mice received two intraperitoneal injections (6 h apart) of 5-bromo-2-deoxyuridine (BrdU, 
Sigma-Aldrich; 50 mg/kg in 0.1 M Tris pH 7.4) 4 days before sacrifice. Tamoxifen (TAM, Sigma-
Aldrich T5648-1G) was dissolved in corn oil (Sigma-Aldrich C8267) and 2.5 mg was administered 
by forced feeding (oral gavage) twice with a 24 h interval.
Histology
Animals were anesthetised with a ketamine (100 mg/kg ketavet, Gellini) and xylazine (33 mg/kg 
rompun, Bayer) solution and perfused with a solution of 4% paraformaldehyde (PFA) and 2% picric
acid (AnalytiCals, Carlo Erba 409302) in 0.1 M sodium phosphate buffer (PB) pH 7.4. Brains were 
then post-fixed for 3 h, cryoprotected in 30% sucrose (Fluka 84100) in 0.1 MPB pH 7.4, embedded 
at −80°C in Killik/OCT (Bio-Optica 05-9801), and cryostat sectioned in a series of 50 μm-thick sec-
tions.
Generation of viral vectors and TAT-Cre
VSVG-GFP vector stocks were produced by transient transfection of the transfer plasmid expres-
sing eGFP under the control of the CMV promoter, the packaging plasmids pMDLg/pRRE and pR-
SV.REV, and the VSV envelope plasmid pMD2.VSV-G in HEK293T cells as described (Follenzi et 
al., 2000). Viral particles were purified and concentrated by ultracentrifugation as described (Dull et
al., 1998).Vector titre on HeLa cells was 2×109 TU/ml. The virus was then diluted 1/20 in PBS con-
taining 0.6% glucose and frozen.
Generation of Ad:GFAP-Cre virus was described previously (Merkle et al., 2014). Briefly, HEK293 
cells were infected to produce replication-defective adenovirus, which was purified using the Fast-
Trap Adenovirus Purification and Concentration Kit (Millipore). The titre was
1×1010 infectious particles/ml. TAT-Cre recombinant protein was produced
as previously described (Peitz et al., 2002).
Stereotaxic injections
Mice were anesthetised with 0.3 ml/kg ketamine and 0.2 ml/kg xylazine, positioned in a stereotaxic 
apparatus (Stoelting) and injected with a pneumatic pressure injection apparatus (Picospritzer II, 
General Valve Corporation). Injection coordinates: QA (Sigma-Aldrich P6,320-4; 1 μl diluted to 
120 mM in 0.1 MPB), +0.1 mm AP, −2.1 mm ML and −2.6 mm DV; VSVG-GFP and Ad:GFAP-
Cre, 0.8 mm AP, −2.1 mm ML and −3.2 mm DV (n=3 for each vector). Ad:GFAP-Cre virions dri-
ving Cre recombinase expression in GFAP+ cells were injected into R26YFP reporter mice. For both
vectors, we analysed only animals in which the SVZ and OB were entirely free of reporter-positive 
cells. To target the SVZ, VSVG-GFP and TAT-Cre were injected respectively at +1.2 mm AP, −1 
mm ML and −1.3 mm DV and at +3 mm AP, −0.8 mm ML and −2.9 mm DV.
Fig. 4. Intrastriatal injection of Ad:GFAP-Cre. (A) 3D reconstruction of SVZ (grey), striatum (transparent grey), 
GFP staining (green) and needle track (black bar) of a 5 w.p.l. R26R-YFP animal injected with Ad:GFAP-Cre 1 week 
before QA. (B,C) z-projection (B) and perspective view (C) of a 3D reconstruction comprising four 50 μm-thick sec-
tions labelled with YFP (green) and DCX (orange) (box in A). Most YFP+ cells are distributed around blood vessels 
(BV, magenta). However, some DCX+ cells are also found deeper in the striatal parenchyma. (D) z-projection of a single
50 μm section (box in B) showing YFP+/DCX+ (pink arrowhead) and YFP+/DCX− (blue arrowhead) cells near a blood 
vessel. (E-E″) Higher magnification of an individual YFP+/DCX+ cell, as indicated by the asterisk in B,C. The inset sho-
ws a reslice. (F-G″) z-projection (F-F″) and single confocal plane (G-G″) of a cluster made by cK, cKD and cD cells. 
Scale bars: 100 μm in B; 10 μm in D-G″.
Immunofluorescence
Sections were incubated for 48 h at 4°C in 0.01 M PBS pH 7.4 containing 2% Triton X-100, 1:100 
normal donkey serum and primary antibodies (supplementary material Table S2). For BrdU stai-
ning, sections were preincubated in 2 M HCl for 30 min at 37°C and then rinsed in 0.1 M borate 
buffer pH 8.5. Sectionswere incubated overnight with appropriate secondary antibodies (supple-
mentary material Table S2) and coverslipped with antifade mounting medium Mowiol (4-88 rea-
gent, Calbiochem 475904).
Image processing and 3D reconstructions
Images were processed using ImageJ (NIH) and Photoshop 7.0 (Adobe Systems). Confocal micro-
scopy serial section 3D reconstructions were performed as described (Luzzati et al., 2011a). Briefly,
images from each sectionwere stitched in Fiji (Preibisch et al., 2009), aligned with Reconstruct 1.1 
(Fiala, 2005) or with TracKEM2 (Cardona et al., 2010) and neurons were traced in NeuronStudio 
(Wearne et al., 2005). 3D models were rendered in Blender 2.6. (Blender Foundation) and Vaa3D 
(Peng et al., 2014).
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